Abstract. The localization, elemental composition and quantitative changes in insoluble, electron-dense globoids observed in the course of pollen grain development in Chlorophytum elatum R.Br. have been investigated. During pollen maturation, small electron-dense globoids were only found within larger electron-light vesicles in the cytoplasm of the vegetative cell. The number and diameter of the electron-dense globoids increased during pollen grain maturation, and decreased after pollen germination. By energy-dispersive X-ray microanalysis, the presence of calcium, magnesium and phosphorus was detected in these globoids. The results are discussed in the light of previous ®ndings with regard to phytate metabolism and the role of calcium in pollen germination.
Introduction
Calcium ions play an important role in the reproduction phase of angiosperms, especially in the germination and growth of the pollen tube (Steer and Steer 1989; Mascarenhas 1993; Pierson et al. 1994; Cai et al. 1997) . Dierent forms of calcium have been distinguished in pollen grains. Whereas cytosolic free calcium has been studied in the tip growth of pollen tubes (MalhoÂ et al 1994; Hepler 1997) , loosely bound and remobilizable calcium has been found in mitochondria and plastids of vegetative cells of pollen grain (Tirlapur and Shiggaon 1987) . Calcium ions have been located in the sporoderm and in the cytoplasmic vesicles of vegetative cells of Petunia hybrida pollen (Bednarska and Butowt 1994) . It has also been concluded from electron-dense deposits containing bound calcium that released calcium ions participate in the degeneration of synergids preceding the double fertilization process (Chaubal and Reger 1992) . Rapidly growing pollen tubes need calcium as a component of the newly synthesized wall, neutralizing the carboxylic groups of pectic acid (Li et al. 1994) .
Recent research has indicated that calcium ions utilized by the pollen tubes are derived from the pistil (Bednarska 1991) and the sporoderm of the germinating pollen grains (Bednarska and Butowt 1994) . However, little is known about the localization and level of the endogenous calcium pool in maturing pollen grains. Therefore, we have measured by atomic absorption spectroscopy the total calcium in the anthers of Chlorophytum during pollen grain maturation. In addition, we have studied by X-ray analysis the elemental composition of electron-dense globoids that appear in the cytoplasm of pollen grains in the course of maturation. Preference has been given to the discrimination of calcium in these globoids and the changes throughout pollen development. The results indicate that the calcium-containing globoids present in the vegetative cell of the pollen grain may be responsible for the increase in total calcium during anther maturation. This kind of endogenous calcium pool may be utilized in the course of pollen germination and/or pollen tube growth.
Material and methods
Plant material. The material consisted of anthers of Chlorophytum elatum R.Br. (Liliaceae) in various stages of pollen grain maturity, and pistils 5 h after pollination (commercial cultivar grown at room temperature at the Institute of Biology, Copernicus University, Torun, Poland). The shape and position of the generative cell (GC) inside the pollen grain were used as cytological markers for determining the three developmental stages of pollen grain maturation studied: parietal GC stage (stage I), spherical GC stage (stage II), and spindle-shaped GC stage (stage III). Atomic absorption spectroscopy. Atomic absorption spectrometric estimation of the total calcium content in whole anthers was carried out according to Tirlapur and Willemse (1992) , with minor modi®cations. Anthers at three developmental stages (microspore stage, young bicellular pollen stage and mature pollen stage) were separately oven-dried for 48 h at 80°C. After dry-weight determination, 6±8 mg of the ®nely ground powder of individual samples was initially digested in 2 ml of 68% HNO 3 . When the volume had been reduced to about 0.5 ml, 4 ml HNO 3 and 4 ml H 2 O 2 were added and redigestion was carried out at 90°C. When the volume had been again reduced to 1 ml, the aliquots were diluted with 2 ml LaCl 3 in order to reduce interference by phosphorus and other anions during the calcium determinations. The calcium contents of four individual samples at each stage and of standards were analysed to determine the average values using an atomic absorption spectrophotometer (AA-20; Varian, Palo Alto, Calif., USA) with the appropriate spectral lamp and a resonance line of 427.2 nm. Calcium atomic absorption standard solutions (Sigma, Deisenhofen, Germany) were used. Calcium concentrations in anthers are expressed as a percentage of the dry weight (mg).
Specimen preparation for electron microscopy. For chemical ®xa-tion, anthers and pistils were ®xed for 2 h at 4°C in 4% glutaraldehyde in 0.1 M Na-cacodylate buer (pH 7.2), dehydrated in a series of ethyl alcohols and embedded in ERL, Spurr's resin (Agar, Stansted, UK). Most samples were also post-®xed with 1% OsO 4 in the same buer for 60 min at room temperature. Specimens used for energy-dispersive X-ray microanalysis (EDX) were also cryo®xed and freeze-substituted in order to avoid the use of such ®xative and dehydrating agents, which may produce loss or redistribution of soluble material (Van Steveninck and Van Steveninck 1978) . Anthers were cryo®xed (without pretreatment or cryoprotection) by immersion in liquid propane precooled to A180°C in a KF80 cryo®xation unit (Reichert-Jung, Wien, Austria). Cryo®xed samples were transferred to a vial containing acetone precooled to A90°C in an FSU 010 freeze-substitution unit (Balzers, Liechtenstein). Freeze-substitution was carried out for 8 h at A90°C, 8 h at A60°C and 8 h at A30°C. Several changes of fresh acetone, pre-chilled to the corresponding temperature, were performed in each step. Embedding was done by incubation of samples in acetone: Unicryl (1:1) (British BioCell Int., Cardi, UK) for 2 d at A25°C, followed by incubation of samples in Unicryl resin for 3 d with daily changes of fresh resin chilled to A25°C. Polymerisation was achieved by UV irradiation of samples in gelatine capsules at A25°C for 3 d. Ultrathin sections were cut on a Reichert Ultracut E ultramicrotome. Most (not all) of the ultrathin sections were post-stained using 5% aqueous uranyl acetate for 15 min and Reynold's lead citrate for 5 min, after which they were viewed in a Zeiss (Oberkochen, Germany) 10C electron microscope at 60 kV.
Ethylenediaminetetracetic acid treatment. Unstained sections placed on copper grids were treated with 0.2 M Na-EDTA solution (pH 7.8), for 40 min at room temperature. Sections were thoroughly washed (3´1 min) in distilled water, then dried and observed. Control sections were incubated under the same conditions without EDTA.
Quantitative measurements of electron-dense globoids. Electrondense globoids were counted in electron micrographs of at least ten pollen grains from ®ve dierent anthers at each one of the three developmental stages. Data are expressed on an area (100 lm 2 ) basis.
Energy-dispersive X-ray microanalysis. Unstained 100-to 150-nmthick sections of chemically ®xed and of cryo®xed material were placed on copper or nickel grids, and coated with a layer of carbon, using a vacuum-pump and graphite electrodes. The grids were placed in a graphite holder and analyzed in a Jeol (Tokyo, Japan) 1200 EX electron microscope (EM) at 80 keV under the ScanningTransmision EM mode. The magni®cation and beam current were adjusted to obtain a number of counts in the order of 700±900 per second for a spot size of 40 nm in diameter. The X-rays were collected for 200 s with a LINK 10 000 AN energy-dispersive spectrometer (Oxford Instruments, High Wycombe, Bucks., UK), at 162 keV resolution. The Si/Li detector was 30 mm 2 in area, with the 8-lm-thick Be window located 10 mm from the specimen at a 40°take-o angle. An average of 30 measurements was made of dierent globoids in pollen grains at the spherical and spindleshaped GC stages. Those pollen grains belonging to the youngest pollen stage were not analyzed by EDX-ray because of the reduced number and minuscule size of their globoids.
Results
Total Calcium measurements by atomic absorption spectroscopy. The calcium content of whole anthers expressed as a percentage of anther dry weight (in mg) was 0.33 0.01 during the microspore stage, 0.35 0.02 during the young bicellular pollen grain stage and 0.43 0.02 during the mature bicellular pollen grain stage. The measurements demonstrate an increase in the total calcium pool of the whole mature anthers (data not shown).
Conventional electron microscopy. Ultrastructural features were studied at all three chosen stages of pollen grain maturation (stage I to III), and in pollen tubes germinating on the stigma 5 h after pollination. In the young pollen grain (stage I), a small number of electrontransparent vesicles, some of which contained minute globular electron-dense globoids, were observed in the cytoplasm of the vegetative cell (Fig. 1) . The globoids were 20±50 nm in diameter (Fig. 1a) . No such vesicles with electron-dense globoids were found in the GC (Figs. 1, 2) . During the early stages of pollen grain development (stages I and II), there is also a striking distribution of lipid bodies in the vegetative cytoplasm, surrounding the GC (Figs. 1, 2 ). These lipid bodies are distinguishable from globoids in that they are larger in size, less electron dense, and are not inside vesicles. At a later stage of pollen maturation (stage III), this distribution around the GC disappears and the lipid bodies become scattered throughout the vegetative cytoplasm (Fig. 4) .
Pollen grains at stage II, contained increased numbers of electron-dense globoids (Fig. 2, see Fig. 6 ). Their Darkly contrasting globoids (arrows) inside vesicles are scattered throughout the cytoplasm of the vegetative cell (VC ). Note the dierent electron densities of the lipid droplets (L) and globoids (arrows).´6000 (Fig. 1)´10 000 (Fig. 2) ; bars 1 lm and location were similar to those of the younger stage. However, the globoids were much larger, some reaching 200 nm in diameter (Fig. 3, arrow) . In the mature pollen grain at stage III, the number and size of electron-dense globoids further increased (Fig. 4 , see Fig. 6 ). The diameter of globoids ranged from 20 to 250 nm. The globoids were always found within singlemembrane vesicles in the cytoplasm of the vegetative cell (Fig. 4) . At this developmental stage, some of the vesicles containing globoids had accumulated around the GC (Fig. 4) . After pollination, pollen tubes on the stigma were almost entirely devoid of electron-dense globoids (Fig. 5) .
At high magni®cation, viewed in unstained sections, the globoids had a bubble-like structure (Fig. 7) . Analysis of sections stained conventionally with uranyl acetate and lead citrate demonstrated that the globoids absorbed heavy metals. As a result, they became very electron dense and irregular, and their inner structure disappeared (Fig. 8) .
Quantitative measurements. The average values and standard deviations of the number of electron-dense globoids per unit area of cytoplasm at dierent stages of pollen maturation are presented in Fig. 6 . The number of globoids clearly increases during pollen maturation from below 10 to about 50 per 100 lm 2 (Fig. 6) .
Treatment with EDTA. To determine whether bivalent metals are present in the globoids, sections were incubated in EDTA solution (Wick and Hepler 1982) . As a result of treatment with the chelating agent, the globoids in most vesicles disappeared, leaving thin areas or holes in their place (Fig. 9 ). This eect was not observed in sections incubated in the same conditions without EDTA (Fig. 10) .
Energy-dispersive X-ray microanalysis of globoids. To investigate the elemental composition of the globoids we used energy-dispersive X-ray microanalysis. In X-ray spectra acquired from globoids in the spherical and spindle-shaped GC stage, prominent Ca (K a at 3.69 keV) and Mg peaks (K a at 1.25 keV) were detected (Fig. 11) . In spectra collected from large globoids, a minor peak corresponding to the potassium peak (K a at 3.31 keV) was also noted (Fig. 12) . X-ray microanalysis of globoids in material ®xed without osmium also yielded a phosphorus peak (K a at 2.01 keV) (Fig. 13) .
To obtain control data, we analyzed areas of the vegetative cell cytoplasm devoid of electron-dense globoids (Fig. 14) . Lipid bodies were also analyzed, and in this case neither Ca, Mg nor other elements were detected. Because copper grids were used to hold the sections, and osmium was used as a ®xative, the spectra that were not processed or shortened contained lines characteristic of these elements (Cu: L a at 0.93 keV, K a at 8.04 keV, K b at 8.91 keV; Os: M a at 1.91 keV, L a at 8.91 keV).
The EDX analysis of globoids in cryo®xed and freeze-substituted samples (Fig. 15 ) also showed the presence of P (K a at 2.01 keV), Ca (K a at 3.69 keV), Mg (K a at 1.25 keV) and S (K a at 2.31 keV) (Fig. 16) . The nickel peak is due to the grid used (L a at 0.85, K a at 7.48 keV, K b at 8.26 keV; M a at 0.84 keV).
Discussion
One of the roles of calcium in the pollen grain is related to the germination and growth of the pollen tube (Brewbacker and Kwack 1963; Steer and Steer 1989) . Previous studies indicate that the mature pollen grain is a site of calcium accumulation (Tirlapur and Willemse 1992; Bednarska and Butowt 1994) . However, published ®ndings are concerned only with the total calcium pool measured by atomic absorption spectroscopy for whole anthers (Tirlapur and Willemse 1992) and with the membrane-associated calcium pool detected in pollen grains by the chlorotetracycline¯uorescence method (Tirlapur and Willemse 1992) . Using atomic absorption spectroscopy, we also measured an increase in the total calcium pool in Chlorophytum anthers during pollen maturation. At the same time we found a rise in the number electron-dense globoids containing calcium in the cytoplasm of vegetative cells during pollen maturation. We correlate the increase in the endogenous boundcalcium pool in the form of electron-dense globoids with the increased amount of total calcium in the anther during pollen maturation.
It is dicult to determine whether similar globoids were present in the pollen grains described in earlier studies, considering the lack of microanalytical data for pollen. Similar vesicles with globoids were present in the mature pollen grain of Nicotiana tabacum, and disappeared after pollen grain germination (see Figs. 6, 8 and 9, in Cresti et al. 1985) . However, this study does not make a special reference to these structures. Our observations in a dierent species indicate that electron-dense globoids are quite common. Deposits similar to the globoids we found in Chlorophytum have also been observed in Tradescantia albi¯ora, Lycopersicon esculentum and Petunia hybrida (data not shown). The results of X-ray microanalysis show three peaks that re¯ect the predominance of the elements Ca, Mg and P in the globoids. Although the Ca peak in Figs. 11 and 13 is certainly low, it is, however, representative, as the spectra of globoids always show a Ca peak. No peak corresponding to Ca is detected in the spectra collected from areas outside the globoids (Fig. 14) . The dierences observed in the peaks of Ca obtained from globoids may be due to either natural dierences in Ca content among these structures or to the experimental procedure used, as the electron-beam probe is not completely stationary. When small globoids are analysed, a spectrum coming from the surrounding areas is also included. In Fig. 9 , but incubation medium without EDTA. Electron-dense globoids are present (arrows). 18 000. bar 1 lm the case of large globoids a clear Ca peak is obtained (see Fig. 12 ). Calcium in plants may be bound in the form of insoluble oxalates, phosphates and Ca-Mg salts (Kinzel 1989) . The plant can also store mineral reserves in the form of phytin, the mixed K, Mg and Ca salt of myoinositol, hexaphosphoric acid (Ogawa et al. 1975; Lott 1984) . The presence of P, Ca and Mg in the globoids
Figs. 11±14. Energy-dispersive X-ray microanalysis of globoids present in pollen grains. The peak for silicon may be derived from the Si/Li detector used, and the chlorine peak was due to Cl in Unicryl resin. Fig. 11 . Typical spectrum of small globoids after glutaraldehyde-OsO 4 ®xation showing characteristic peaks for Mg (K a at 1.24 keV) and Ca (K a at 3.69 keV) Fig. 12 . Typical spectrum of large globoids after glutaraldehyde-OsO 4 ®xation. Note characteristic peaks for Ca (K a at 3.69 keV), Mg (K a at 1.24 keV) and K (K a at 3.31 keV). Fig. 13 . Spectrum of globoids after glutaraldehyde ®xation only (without OsO 4 ®xation). Note characteristic peaks for Ca (K a at 3.69 keV), Mg (K a at 1.25 keV) and P (K a at 2.01 keV). under study indicates that these structures may consist of phosphates or phytin. The presence of phosphates is unlikely, since magnesium hydrogen phosphate (MgHPO 4 ) is easily solubilized (Clarkson and LuÈ ttge 1989). It has also been shown that K-phytate and Naphytate are readily water-soluble, whereas phytates containing mainly divalent or trivalent cations are not (Brown et al. 1961; Crean and Haisman 1963) . It is therefore more likely that these globoids consist of phytin. The presence of phytin was previously reported in pollen grains studied by biochemical methods by Jackson et al. (1982) , who suggested that this structure might serve as a reservoir of phosphates and myoinositol for the developing pollen tube. Other biochemical ®ndings indicate that phytin, like the globoids observed in Chlorophytum, disappears during pollen grain germination in other species (Helsper et al. 1984) . Phytin is broken down by phytases (myo-inositol hexadisphosphate phosphohydrolases (Cosgrove 1980) ; in this context, Lin and Dickinson (1985) found that phytases are activated during pollen germination in Lilium longi¯orum. Phytases, whose optimum pH is above 7, are selectively activated by calcium (Scott and Loewus 1986; Barrientos et al. 1994) ; the decrease in calcium-containing globoids in the pollen tube cytoplasm is consistent with this fact. The similarities in ultrastructural characteristics, staining properties and elemental composition between the globoids studied here and phytin globoids reported previously in other tissues (Lott et al. , 1985 Greenwood and Bewley 1984) provide evidence for the hypothesis that these structures in pollen are primarily compounds of phytin. As far as we know this is the ®rst report which relates the occurrence of phytate to the presence of electron-dense globoids in pollen. We suggest that the internal pool of strongly bound calcium, probably in the form of phytin, may be broken down during pollen germination. This hypothesis is supported by the evident decrease in globoids in the early pollen tube, and by the results of physiological experiments with TMB-8 (inhibitor of intracellular calcium channels), in which the eciency of pollen grain germination was considerably reduced (CapkovaÂ et al. 1994 ).
In addition, we suggest that calcium-containing globoids are not only characteristic of Chlorophytum pollen, but are probably to be found in most species. The appreciable content of phytic acid identi®ed in pollen from a wide range of plant species (Jackson et al. 1982) supports our hypothesis. Ultrastructural and classical cytochemical methods fail to characterize and identify the chemical nature of the globoids, which therefore may have been dismissed as a contaminant or simply overlooked as unidenti®able particles. They might not have been reported due to the lack of X-ray microanalysis studies. However, we suggest that these globoids may play an important role as regulators of the internal pool of calcium in the pollen grain.
